Poor T cell immunity is one of the many defects seen in elderly humans and aged (Ad) mice. We report that naive CD4 T cells from aged mice (ANCD4 cells) showed greater apoptosis upon primary activation than those from young (Yg) mice, with loss of mitochondrial membrane potential, poor activation of Rel family transcription factors and increased DNA damage. Their ability to enhance glycolysis, produce lactate and induce autophagy following activation was also compromised. ANCD4 cells remained susceptible to death beyond first cell division. Activated ANCD4 cells also showed poor transition to a 'central memory' (CM) CD44 high , CD62L high phenotype in vitro. This correlated with low proportions of CM cells in Ad mice in vivo. Functionally, too, IFN-gamma responses recalled from T cells of immunized Ad mice, poor to begin with, worsened with time as compared with Yg mice. Thus, ANCD4 cells handle activation-associated stress very poorly due to multiple defects, possibly contributing to poor formation of long-lasting memory.
Introduction
Profound alterations in humoural and cellular immune responses are a hallmark of ageing, and understanding the mechanisms involved is key to the success of future vaccination strategies. Poor T cell function in the aged (Ad) leads to suboptimal antibody, CTL and cytokine responses to immunization (1) (2) (3) (4) . The total number of T cells with a memory phenotype increases with age (5) , and the proportion of naive cells decreases. Further, recall responses generated to vaccines administered in the elderly humans are not long lasting (6) , compounding the complexity. Additionally, in Ad animals, there is poor production of effectors from naive CD4 T cells, reversible in part or completely by IL-2 (7) , possibly due to the ageing of individual T cells (8, 9) .
While non-T cell factors can contribute to poor naive T cell activation in the Ad (10, 11) , T cell-autonomous defects are prominent. Reported deficiencies in the TCR signalling pathway include early events such as calcium mobilization, NF-jB and NF-AT translocation (12) , poor formation of the immunological synapse and poor recruitment of signalling intermediates to the synapse (13) . Many of these defects contribute to a lack of production of IL-2, and exogenous IL-2 is shown to reduce the differences between young (Yg) and Ad T cells with reference to their activation-driven developmental progression (14) . Ad naive T cells are suggested to be anergic (15) , and their defective response could lead to either reduced clonal burst size or increased apoptotic death.
The susceptibility of the T cells from aged mice (aged T cells) to apoptosis is controversial. There is some evidence that activated aged T cells are less susceptible to Fas-FasL mediated death (16) . On the other hand, in Ad humans naive, CM and effector memory (EM) cells are reported to be more susceptible to both Fas-mediated and tumor necrosis factor a-mediated apoptosis (17, 18) . Enhanced Bcl-2 expression in CD8 T cells from the aged is reported to contribute to their longer survival and reduced turnover (19) . Cell death triggered by reactive oxygen species may (20) or may not (21) be increased in Ad T cells.
While it is generally accepted that naive aged T cells show defective activation (9) , most of the studies concerned have used TCR-transgenic naive T cells either by themselves or in adoptive non-transgenic hosts (9, 22, 23) . On this background, we have focussed our study on phenotypically naive polyclonal CD4 T cells from normal Ad mice. We report here that naive CD4 T cells from aged mice (ANCD4 cells) show an increased tendency to die during primary activation, in association with a poor metabolic response to activation, poor ability to repair DNA and a compromised autophagic process. We also show that this cell attrition during primary activation is associated with poor generation of CD4 T cells of the CM phenotype, both in vitro and in vivo.
Methods
Mice C57BL/6 and B6.lpr mice obtained from the Jackson Laboratory (Bar Harbour, ME, USA) and bred at the small animal facilities of either the National Institute of Immunology, New Delhi, India, or the University of Arkansas, Fayetteville, AR, USA, were used. All Yg mice were used at 2-3 months of age, while all Ad mice were between 18 and 20 months of age at the initiation of the experimental procedure. Ad mice were either maintained for ageing in-house in the two animal facilities above or obtained from the Ad mouse colony of the National Institute on Ageing, National Institutes of Health (NIH), Bethesda, MD, USA. Mice deficient in c-Rel bred to the C57BL/6 background were the kind gift of H. C. Liou, Cornell University, New York, NY, USA, and Ranjan Sen, National Institute on Ageing, Baltimore, MD, USA. All mice were maintained and used according to the guidelines of the respective institutional animal ethics, care and use committees.
Immunizations
Mice were immunized subcutaneously in the footpad with 100 lg maleylated ovalbumin (mOA) in CFA (Difco, Detroit, MI, USA). Ovalbumin was maleylated as described previously (24) . Seven, 28 and 45 days later, draining popliteal and inguinal lymph nodes were isolated and single-cell suspensions made for assays described below.
Reagents

RPMI-1640 (Biological Industries, Kibbutz Beit
Haemek, Israel) appropriately supplemented with antibiotics and FCS was used throughout in cultures. Reagents used for staining were as follows: various fluorophores or biotin coupled with mAbs to CD4, CD8, CD44, CD62L and CD69 (e-Biosciences, San Diego, CA, USA, and BD Biosciences, San Diego, CA, USA). For biotinylated mAbs, streptavidin coupled to various fluorophores as indicated was used as a secondary reagent. Fluorescein or PE-labelled annexin V (BD Biosciences) was used to score apoptotic death with protocols recommended by the manufacturers. Rabbit polyclonal antibody to microtubule-associated protein light chain-3 (LC3; Santa Cruz Biotechnology, Santa Cruz, CA, USA) was used along with goat-anti-rabbit antibody coupled to Alexa fluor 488 (Invitrogen, Carlsbad, CA, USA) as the secondary reagent.
Purification of T cells using magnetic cell separation
Pooled splenic cells from 2-3 mice were stained with a biotinconjugated cocktail of anti-CD44, anti-B220, anti-CD11b and anti-CD8 mAbs to purify naive CD4 cells. For purification of CD4+ EM (CD44 + CD62L À ) cells, anti-CD62L mAb replaced anti-CD44 mAb in the above cocktail. Using streptavidincoupled beads, cell purification was done by negative selection on magnetic columns according to manufacturer's protocols (Miltenyi Biotech, Bergisch Gladbach, Germany).
Purity of the separated populations was consistently >90% (see Supplementary Data, Fig. S1 , available at International Immunology Online). At this point >98% of the cells were viable as checked by Trypan blue exclusion and >95% by annexin V.
In vitro T cell stimulation assays
ANCD4 cells and naive CD4 cells from young mice (YNCD4 cells) or ex vivo purified CD4+ EM cells from Yg and Ad mice were stimulated in vitro with plate-coated anti-CD3 and anti-CD28 mAbs (1 and 5 lg ml À1 respectively; BD Biosciences) or bead-coated anti-CD3 and anti-CD28 mAbs (Dynal via Invitrogen; used at a 1 : 1 cells : beads ratio] and were compared with unstimulated cells. Under these activating conditions, the first division of ANCD4 and YNCD4 cells was observed to take place after 36 h (data not shown). Where indicated, 3-methyl adenine (3-MA; Sigma Aldrich, Bangalore, India) was added at a final concentration of 1 mM.
T cell blasts were prepared as described earlier (25) . Briefly, ANCD4 and YNCD4 cells were stimulated with anti-CD3 and anti-CD28 mAbs for 48 h, and cells were cultured in the presence of 5 U ml À1 of IL-2 for a further 48 h. At the end of 96 h, viable cells were obtained by density-gradient centrifugation. These 96-h T cell blasts were subjected to further experiments.
For measuring proliferation of ex vivo purified EM cells or 96-h T cell blasts, 1 3 10 5 T cells were cultured in anti-CD3coated 96-well plates and were pulsed at 48 h for measurement of [ 3 H]thymidine incorporation. Data are expressed as mean 6 SEM of triplicate cultures.
For antigen-specific recall assays, draining lymph node cells were stimulated with 100 lg ml À1 of mOA. Levels of secreted IFN-gamma were measured from culture supernatants collected at 48 h by ELISA, essentially following manufacturer's recommendations (BD Biosciences). Standards were run in parallel to enable calculation of concentrations of IFN-gamma.
Flow cytometry
For flow cytometry, cells were stained with primary and secondary antibodies as appropriate on ice, washed and analysed immediately. For cell cycle analysis, cells were harvested, fixed and permeabilized by 70% ethanol and propidium iodide (PI) was added at a final concentration of 10 lg ml À1 . For scoring the cells undergoing loss of mitochondrial potential, cells were stained with 3,3#-dihexyloxacarbocyanine iodide (DiOC 6 ; Molecular Probes, Invitrogen) in serum-free medium and PI was added to a final concentration of 1 lg ml À1 . Cells were analysed immediately. Stained samples were run either on FACSort, LSR I or FAC-Saria flow cytometers (Becton and Dickinson, San Jose, CA, USA), and data were analysed using FlowJo software (Tree Star, San Carlos, CA, USA).
Comet assay
ANCD4 and YNCD4 cells were activated for 12 or 24 h and harvested, and dead cells were removed by density-gradient centrifugation so that viability of the cells assayed was ;99% by Trypan blue exclusion test before assay. The cell suspension was then mixed with low-melting agarose and poured on a slide. The relative proportions of DNA with breaks in individual cells were measured following the alkaline comet assay procedure (26) . Alternatively, ANCD4 and YNCD4 were exposed to 3 Gy gamma-radiation using Co 60 as a source and the extent of damaged DNA was scored as above after 12 h. Pictures were taken under a fluorescence microscope (Olympus America Inc., Center Valley, PA, USA) and between 30 and 60 cells were analysed per sample by CometScore software (TriTek Corp., Virginia, VA, USA) (26) .
Confocal microscopy and quantitation
Stimulated or unstimulated ANCD4 and YNCD4 cells were harvested at indicated times, fixed and permeabilized using 0.5% saponin and 4% paraformaldehyde (both from Sigma Aldrich) as a modification of a published method (27) . Cells were stained with rabbit-anti-LC3 antibody followed by goat-anti-rabbit F[ab#]2-Alexa fluor 488. Cells were also stained with anti-CD4 and DAPI to visualize the cell surface and nucleus, respectively. Cells were analysed under a Leica TCS SP2 laser confocal microscope (Leica Microsystems, Wetzlar, Germany). Quantification was done with stacked images using Leica Confocal Software.
Western blot analysis
ANCD4 and YNCD4 cells were stimulated, harvested at different time intervals and nuclear and cytosolic fractions were prepared using NE-PER kit (Pierce Biotechnology, Rockford, IL, USA). After electrophoresis and sample transfer, nitrocellulose membranes (Advanced Microdevices, Ambala, India) were probed with polyclonal antibodies to actin, c-Rel or p65 (Santa Cruz Biotechnology). Bands were visualized by the enhanced chemiluminescence method following the manufacturer's recommendations (Amersham Biosciences, Little Chalfont, UK). Image J software (NIH, Bethesda, MD, USA) was used for densitometry.
Lactate estimation
ANCD4 and YNCD4 cells were activated and at various time points lactate levels were estimated following the procedure recommended by the manufacturer (Eton Biosciences, San Diego, CA, USA). A standard was run in parallel to calculate actual values.
Statistical analysis
Multiple independent experiments with independent sample sets were done for all data shown. Data are shown as data point scatter and mean for data analysed by the Mann-Whitney U-test and as mean 6 SEM for data analysed by the unpaired two-tailed Student's t-test. Observations were considered statistically significant if P value was <0.05.
Results
ANCD4 cells are more prone to death upon primary activation than YNCD4 cells
Purified splenic YNCD4 or ANCD4 cells were put in culture with or without plate-coated anti-CD3 and anti-CD28, and viable cell numbers were estimated at various time points using Trypan blue exclusion. As early as 12 h post-activation, the recovery of viable cells from stimulated cultures of Ad cells was poorer than that from Yg cell cultures ( Fig. 1A ) and this trend continued at 24 h ( Fig. 1B) . In contrast, unstimulated ANCD4 cells survived as well or better than YNCD4 cells (data not shown). The cell death involved is apoptotic as demonstrated by using annexin V to stain cells from these cultures at various times. Both at 12 and 24 h of activation, ANCD4 cells showed more apoptotic death than YNCD4 cells (Fig. 1C , right panels), while resting ANCD4 cells survived better than YNCD4 cells did at the same time points (Fig. 1C , left panels). Data from multiple such experiments scoring apoptotic death at 12 or 24 h showed significantly greater apoptosis in ANCD4 cells upon activation, but no difference in the absence of activation ( Fig. 1D) .
In order to determine the role of mitochondrial death pathways in this apoptotic cell death, cells were labelled with the mitochondrial dye DiOC 6 and co-stained with PI after various times in culture. At 12 h post-activation, activated ANCD4 cells showed a greater frequency of cells with low DiOC 6 -staining intensity without PI staining ( Fig. 1E ), as shown in data from multiple independent experiments ( Fig. 1F ), indicating early mitochondrial membrane potential loss and suggesting that mitochondrial damage was occurring prior to loss of cell viability. ANCD4 cells also showed greater death as scored by PI staining than YNCD4 cells at both 12 and 24 h post-activation ( Fig. 1E-H ).
Higher proportion of subdiploidy and defective DNA repair in ANCD4 cells post-activation
We used PI staining of permeabilized cells to follow the progression of ANCD4 cells through cell cycle and to estimate the proportions of subdiploid cells upon activation. At 20 h of culture, the frequency of subdiploid apoptotic cells was higher in stimulated ANCD4 cells ( Fig. 2A and B ) than in YNCD4 cells in multiple independent experiments. The data suggested that cells were undergoing death before DNA replication is completed. Since defective DNA repair during the cell cycle can contribute to apoptosis (28), we also evaluated the extent of DNA damage in naive CD4 cells at 12 and 24 h post-activation using the alkaline comet assay (26) . The data showed that at these early time points, the damaged DNA content in comet tails, using tail moment as a parameter, was greater in stimulated ANCD4 cells as compared with YNCD4 cells (Fig. 2C ). In order to ensure that the damaged DNA detected in these assays was not simply from dead cells, cells were purified post-activation by density-gradient centrifugation before comet assays were set up. Comet tails were larger in ANCD4 cells than in YNCD4 cells (see Supplementary Fig. S2 , available at International Immunology Online). Cells receiving 3 Gy radiation were used as a positive control for this assay and we found that ANCD4 cells exposed to radiation damage showed higher tail moment at 12 h as compared with YNCD4 cells (Fig. 2D , see also Supplementary Data, Fig. S3 , available at International Immunology Online).
In order to correlate DNA damage and T cell activation further, we looked at the susceptibility of activated ANCD4 cells to death following gamma-irradiation using flow cytometry. ANCD4 and YNCD4 cells that received 1-, 3-or 10-Gy Aged T cells die more upon activation 1279 radiation doses were activated with anti-CD3 and anti-CD28 and cell death was measured 12 h later in activated cells showing CD69 induction. In cultures of non-irradiated cells, CD69-expressing activated ANCD4 cells died at higher frequency than YNCD4 cells ( Fig. 2E ). With increasing dose of radiation the proportion of cell death went up more rapidly in ANCD4 cells than in YNCD4 cells ( Fig. 2E ).
In the culture conditions used here, the first cell divisions were detectable by carboxyfluorescein succinimidyl ester (CFSE) labelling at ;36 h post-activation (data not shown). Thus, the above data indicate that the activation-associated cell death seen here occurs prior to any cell division.
Defective NF-jB induction in ANCD4 cells
T cell stimulation induces the activation of transcription factors of the Rel family, which are known to play a major role in regulating cellular commitment to apoptosis (29) . There are previous reports that induction of Rel family members is poor in T cells from Ad animals (30, 31) . We confirmed these findings in the ANCD4 cells used here. Since prolonged induction of NF-jB is reported to be required for complete T cell activation and survival (32) , we used the 30-to 90-min post-activation time points for the NF-jB assay, as has been used earlier (33) . When activated naive CD4 T cells were examined for nuclear translocation of the Rel-family proteins, p65 and c-Rel, by western blot analysis, it was evident that, while there was no appreciable difference in cytosolic levels, nuclear translocation of both p65 and c-Rel was poor in Ad cells ( 
Metabolic defects in ANCD4 cells
A major consequence of T cell activation is an increase in metabolic demands, met by increased glucose uptake and anaerobic glycolysis, resulting in the production of pyruvate and lactate (27) . We therefore looked at the levels of lactate produced by activated ANCD4 and YNCD4 cells. While background levels were comparable in the two groups, activated YNCD4 cells at 30 h had significantly higher lactate levels as compared with ANCD4 cells (Fig. 3D ), indicating that ANCD4 cells were inefficient at using anaerobic glycolysis for meeting increased energy demands during activation.
Another modality that cells use to meet metabolic demands is autophagy, which can under such circumstances act as a survival mechanism (34) . We therefore estimated the extent of induction of autophagy in ANCD4 and YNCD4 cells using confocal microscopic detection of LC3 fluorescence around autophagic vacuoles (see Supplementary Data, Fig. S4 , available at International Immunology Online). By 12 h post-activation, the extent of LC3 fluorescence was much higher in YNCD4 cells as compared with ANCD4 cells (Fig. 3E ). If autophagy is indeed involved in meeting the metabolic needs of activated T cells and maintaining their viability, a prediction would be that inhibition of autophagy during activation would enhance apoptosis in YNCD4 cells. We tested this using 3-MA to inhibit autophagy. In the presence of 3-MA, YNCD4 cells showed higher proportion of cell death at 24 h post-activation, while there was no effect on ANCD4 cell death (Fig. 3F) , which show poor autophagy to start with. Pooled data from independent experiments show a significant difference in fold enhancement in death in the presence of 3-MA in YNCD4 and ANCD4 cells (Fig. 3G ).
ANCD4 cells continue to die more at later stages during in vitro activation
We next tested the possibility that successful transition through cell cycle would protect ANCD4 cells against the enhanced cell death seen during early stages of activation. Trypan blue-negative cell counts showed lower yields in activated ANCD4 cells at 48 and 60 h post-activation (data not shown). When cell cycle analysis was done on these cultures at 40 h by which time the first division had taken place, the pattern observed at 20 h was maintained, with ANCD4 cells from stimulated cultures showing significantly greater frequencies of apoptotic subdiploid cells in multiple experiments (Fig. 4A and B) . CD44 is an activation marker that is expressed at time points later than CD69 is and is stably maintained. Therefore, at 48 h post-activation, cultures activated as above were stained for CD44 and CD44 high cells were examined for apoptosis using annexin V. CD44 high cells from activated ANCD4 cultures showed increased death (Fig. 4C ) that was statistically significant (Fig. 4D) .
Since activated T cell populations do not synchronously enter cell cycle, and since aged T cells are likely to show dif-ferent kinetics of activation-induced cell division in vitro, we specifically analysed death in dividing cells in comparable generations. CFSE-labelled YNCD4 and ANCD4 cells were stimulated in vitro as above, and 48 ( Fig. 4E ) or 60 h (Fig. 4I ) post-activation, cells in successive generations were gated as shown (rightmost panels in Fig. 4E and I) for examination of annexin V binding. A representative profile of annexin V positivity in generation 0, 1 and 2 for 48 and 60 h, respectively, is shown ( Fig. 4E and I) . Data from multiple experiments for generations 0, 1 and 2 for 48 h (Fig. 4F-H) and 60 h ( Fig. 4J-L) are shown. While Ad cells showed poor proliferation in response to stimulation as expected (data not shown), the difference in the susceptibility to death of ANCD4 and YNCD4 decreased with successive generations. Thus, by second generation at 48 h ( Fig. 4H ) and first and second generation at 60 h ( Fig. 4K and L) the difference was not statistically significant, suggesting emergence of a relatively apoptosis-resistant population in the ANCD4 cells.
T cell blasts generated in vitro and ex vivo EM cells from Ad and Yg mice show equivalent susceptibility to death.
Addition of exogenous IL-2 leads to substantial improvement in the proliferative response of Ad CD4 T cells to TCR-mediated stimulation, and the surviving T cell blasts undergo extensive proliferation by 96 h in such supplemented stimulation cultures. We next asked whether such T cell blasts of aged CD4 T cells still continued to show differential susceptibility to death. Therefore, we compared the susceptibility of 96-h T cell blasts generated by activation with anti-CD3 and anti-CD28 in the presence of IL-2 from YNCD4 or ANCD4 cells to death during secondary stimulation.
YNCD4 and ANCD4 T cell blasts were stimulated with titrating concentrations of soluble anti-CD3 and irradiated splenic antigen-presenting cells. Unlike freshly isolated naive CD4 cells, ANCD4 T cell blasts showed proliferative responses equivalent to those of YNCD4 T cell blasts (Fig. 5A) . The frequency of cells upregulating CD69 at 6 or 24 h postsecondary activation was also comparable between the Yg and Ad groups (data not shown). We also estimated the frequencies of these cells undergoing death by annexin V and found no differences between ANCD4 and YNCD4 cells (Fig. 5B) . These data suggest that cells in ANCD4 populations that do survive the first couple of divisions may generate progeny comparable to YNCD4 progeny in their susceptibility to death.
These data suggest that effector cells generated as a result of naive T cell activation in vivo in Ad animals could be functionally normal, at least with regard to their susceptibility to death. To test this, we sorted ex vivo purified EM cells and ANCD4 cells and YNCD4 cells and activated them with anti-CD3 and anti-CD28 in vitro. The EM cells from Ad mice, like ANCD4 cells, proliferated poorly in response to titrating doses of anti-CD3 (Fig. 5C ). However, as in the case of T cell blasts generated in vitro, they were no more susceptible to death on activation than EM cells from Yg mice (Fig. 5D , left panel). Control ANCD4 cells, however, showed greater death on activation than YNCD4 cells as expected ( Fig. 5D, right panel). These data suggest that the in vivo environment in Ad mice may differentially affect different functions in responding CD4 T cell populations.
Reduced efficiency of differentiation of ANCD4 cells to the CM phenotype in vitro
In order to test if the tendency of ANCD4 cells to die in response to primary activation led to relatively lower numbers of extensively proliferated cells, we examined the numbers of live (annexin V-negative) CFSE-labelled cells in activation cultures as above to estimate surviving cells in each successive generation. The results show that total viable cell yields from ANCD4 cultures were low and there were fewer Ad cells in every division as compared with Yg cells (Fig. 6A) .
Among memory-phenotype (CD44 high ) CD4 T cells, the CD62L high CM cells are reported to be the major population involved in proliferative recall responses (35, 36) . There is some evidence that extensively proliferated T cells are more likely to become CM cells (37) , although this is not observed in all systems examined (38) . In this context, we asked if ANCD4 cells would show relative paucity of CM phenotype cells in activation cultures. ANCD4 and YNCD4 cells were stimulated in vitro and were stained at 48 h (and 60 h, data not shown) post-activation for CD44, CD62L and annexin V and CM (CD44 high CD62L high ) cell frequencies among the CD44 high cells were determined (Fig. 6B ). Data from multiple experiments showed that the proportions of CM cells were significantly lower in ANCD4 than in YNCD4 cultures (Fig. 6C ). Further, CM phenotype cells in the Ad group showed greater frequencies of apoptosis than the equivalent populations from the Yg group (Fig. 6D) .
Relative reduction in CD4 T cells of the CM phenotype in vivo in Ad mice
A prediction from the in vitro data above was that Ad mice would have relatively fewer CM phenotype cells in their memory CD4 T cell compartment. We tested this prediction by examining the frequencies of CD4 T cells of the CM phenotype in the spleens of Yg and Ad mice. As expected, Ad mice showed a greater prominence of CD44 high memory CD4 cells than Yg mice (Fig. 7A, left panel) . Among CD44 high cells, however, Ad mice showed a relative paucity of CD62L high CM phenotype cells (Fig. 7A, right panel) , and analysis of data from multiple individual mice showed that Ad mice had significantly lower proportions of CM cells (Fig. 7B) .
Ad T cells, as noted above, do show poor activation of Rel family transcription factors, particularly c-Rel which has been implicated in the survival of activated T cells in vivo (39) . We therefore estimated the proportion of CM cells in Yg (8-to 10-week-old) c-Rel-null mice in comparison with C57BL/6 wild type (WT) mice. While c-Rel-null mice showed no difference from WT mice in the frequency of CD44 high memory CD4 cells (data not shown) they showed lower proportions of CM cells (Fig. 7C, left panel) . In order to check the role of Fas-FasL interaction in controlling the immune memory in vivo, we compared the proportions of CM cells in Yg B6.lpr mice with age-matched WT mice and found no difference ( Fig. 7C, right panel) .
The above data suggested that during the evolution of a T cell response to exogenous protein immunization, the magnitude of the response in Ad mice would be poorer than that in Yg mice and would get progressively worse. We tested this by immunizing Ad or Yg mice with a strong immunogen, mOA in CFA subcutaneously. Draining lymph node cells were harvested at 7, 28 or 45 days post-immunization and stimulated in vitro with mOA. IFN-gamma was assayed in the culture supernatants. Ad T cells produced lower levels of IFN-gamma early post-immunization and the response decayed rapidly over time as compared with Yg T cells (Fig. 7D ).
Discussion
The data presented here refine our understanding of the poor responses of ANCD4 cells. We demonstrate that these cells have a poor ability to respond to metabolic demands, as well as increased susceptibility to DNA damage controlling survival during primary activation. We also identify a functionally significant correlate of the poor survival of proliferating CD4 T cells during primary responses, namely, a reduction in the ability to generate CM CD4 T cells.
T cells from the aged mice are considered to be defective and there are many facets to these defects. The behavioural differences in naive and memory T cells from the Ad have been examined, by and large, using TCR-transgenic mouse strains. While these monoclonal transgenic TCR systems provide definitive identification of naive and memory T cells, they also make analogous analyses in nonmanipulated systems essential. We have focussed our study on CD4 T cells.
We report a distinct difference between the susceptibility of ANCD4 and YNCD4 cells to death in response to primary activation. This death pathway appears to originate in mitochondria, results in subdiploid DNA and is seen in cells that have successfully responded to some extent to activation, since CD69-expressing cells in the ANCD4 population also show more death than equivalent YNCD4 cells do.
Many mitochondrial defects are associated with ageing (40) (41) (42) . Mitochondria are also crucially involved in autophagy and cell survival (43) . We show here that within the first 12 h of activation, many more ANCD4 T cells show an early loss of mitochondrial membrane potential before they die, suggesting a role of mitochondrial pathways in this apoptotic decision.
Classical activation-induced cell death in T cells follows the extrinsic pathway of cell death, is dependent on Fas-FasL interactions (44) and has been attributed as one of the causes for T cell deficiency in Ad human beings (45) . Our data on naive CD4 T cells from Yg CD95 (Fas)-deficient B6.lpr mice showed frequencies of death early during primary activation similar to C57BL/6-wild-type (B6.WT) mice (data not shown), suggesting that this cell death decision does not involve CD95-CD95L interactions. Comparable proportions of CM cells ex vivo between B6.lpr and B6.WT mice also support this notion.
We observe that unstimulated resting ANCD4 cells survive better than YNCD4 cells, indicating that ANCD4 cells are not globally more susceptible to intrinsic apoptosis, but become specifically more susceptible to mitochondrial death upon activation. Activation of T cells enhances their metabolic requirements, and activated T cells upregulate anaerobic glycolysis to generate pyruvate and lactate (46) . Thus, poor lactate production may be indicative of the failure of ANCD4 cells to upregulate glycolysis in response to activation. In turn, poor lactate production may contribute to poor cellular anabolic responses (46) and may thus be a factor in compromised survival during primary activation.
A major pathway for meeting enhanced metabolic demands is the induction of autophagy (47) . Autophagy plays multiple roles in organismal survival and homoeostasis and one of the functions it serves is that of self-digestion induced by nutrient deprivation or increased metabolic demand (47, 48) . Autophagic vacuoles are marked by a localization of LC3 (49) . ANCD4 cells appear to be poor in activation-induced autophagy compared with YNCD4 cells. Use of monodansyl cadaverine as a marker of autophagic cells also supports these findings (data not shown). The observation that an inhibitor of autophagy enhances the low levels of early death seen in activated YNCD4 cells indicates that the autophagy seen in activated YNCD4 cells contributes to survival and that its absence in ANCD4 cells may be a factor in their enhanced apoptosis. Naive T cells responding to primary activation rapidly enter cell cycle. DNA replication during cell cycle is associated with potential DNA breaks (50) , and DNA break repair mechanisms are critical to the ability of cells to pass cell cycle checkpoints (51) . It is known that with organismal ageing the ability of cells to sense and repair DNA decreases (52) . Our data demonstrate that activated ANCD4 cells show significantly increased occurrence of DNA damage after activation as well as upon gamma-irradiation.
We also found that susceptibility of ANCD4 cells to apoptotic death on activation persisted through the first couple of generations of cell division. Cell cycle analysis 40 h postactivation showed higher proportions of subdiploid apoptotic cells and fewer cells in S/G2/M stages in ANCD4 population (data not shown). When CD44 was used as a late activation marker, cells which were successfully upregulating CD44 (and were expected to be progressing through cell division) also showed greater frequency of apoptosis. During early generations as identified by CFSE dilution the proportion of dying cells tended to be higher in the Ad group, indicating that ANCD4 cells remained more susceptible to death at least through the first couple of cell cycles in response to primary activation. Thus, the enhanced death of Ad T cells upon activation is not simply an alternative to non-entry into cell cycle, since it is seen even in Ad T cells that have successfully gone through one cell division. However, whether there is a separate defect in cell-cycle entry or not remains unclear.
The quantitatively higher death susceptibility of activated ANCD4 cells during initial divisions does not appear to persist after further divisions over time. Thus, those ANCD4 cells that survive the first couple of divisions in vitro upon activation are not different from their YNCD4 counterparts in terms of death susceptibility. In fact, their ability to proliferate upon being re-stimulated is also no different from that of their Yg counterparts. These data suggest that rather than ageing at the cellular level being associated with the time elapsed since a daughter cell was born, T cell populations from Ad mice undergoing activation in vitro may show either progressive dilution of epigenetic factors enhancing commitment to cell death over successive divisions or that such activated Ad T cells are subjected to selection events where they show enhanced susceptibility to cell death early during proliferation, but eventually populations that survive to enter later rounds of proliferation do not show this death phenotype.
The prediction of these findings is that those effector cells that are generated as a result of naive T cell activation in vivo in Ad animals should be functionally normal. Our data demonstrate that EM cells from Ad mice show poor proliferative responses to activation in vitro, in contrast to recently activated ANCD4 cells. However, these ex vivo EM CD4 cells do not show the enhanced death phenotype upon activation as ANCD4 cells do. Thus, a model emerges in which naive Ad CD4 T cells, upon activation, tend to die more during early stages of activation, with the result that a population that does not show this property emerges during later rounds of proliferation. This population is initially normal as far as proliferative and death responses to activation are concerned, but eventually they re-acquire one defect, that in proliferation (and perhaps in cytokine secretion), but not the other defect, namely enhanced death. This may be the consequence of residual epigenetic alterations and/or poor microenvironmental signalling in vivo. Using TCR-transgenic T cells it has been suggested that the age of the naive T cell per se and not the age of the organism accounts for the poor T cell response (53) and our data from non-transgenic mice imply that the age of individual naive T cells and the environment they face together might contribute to the complex phenotype observed.
As naive T cells go through successive cell divisions in response to antigenic stimulation, they also undergo differentiation. Some previous reports have shown that initial differentiation concomitant with early rounds of division results in generation of EM cells which proliferate poorly but make cytokines rapidly upon re-stimulation, and that maturation to the CM phenotype occurs in cells that have undergone multiple rounds of division (36) . While this association of extensive proliferation and CM differentiation has not been observed in all instances (38) , it is notable that, due in part to early and continuing death during primary activation, ANCD4 cell cultures had lower proportions of extensively proliferated cells as well as fewer cells showing the CM phenotype. While addition of IL-2 brought some improvement in CM differentiation (data not shown), the defect in Ad T cells was not fully compensated, suggesting that both IL-2dependent and IL-2-independent factors could be involved. Lending further support to this, we found poor CM frequencies in the peripheral lymphoid organs of Ad mice in vivo. Based on the poor nuclear translocation of NF-jB family members p65 and c-Rel in Ad T cells, we predicted and demonstrated poor proportions of CM cells in T cells from Yg c-Rel-null mice as well.
A poor efficiency of CM commitment in ANCD4 cells suggests that the CD4 T cell response to immunization would decay more rapidly in Ad mice than in Yg mice. Indeed, in response to immunization, IFN-gamma-producing potential of Ad T cells, which was poor to begin with at day 7 postimmunization, dropped rapidly by day 45.
Thus, our data document a role for an early death pathway, possibly related to the lack of adequate responses to metabolic and cell cycle demands, in limiting the naive CD4 T cell response to activation in Ad mice, contributing to a reduction in the efficiency of generation of stable CM. 
